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Abstract 
Despite widespread use on athletic fields, synthetic turf surface temperatures are considerably higher than those measured on
natural turfgrass when exposed to solar radiation. Elevated temperatures may pose health risks to athletes competing on 
synthetic turf.  Research was conducted at the University of Tennessee Centre for Athletic Field Safety to create a model for 
predicting synthetic turf surface temperature using atmospheric data. Synthetic turf surface temperature was measured on ten 
different synthetic turf plots (42 m2) varying in fibre type and infill characteristics. Plots were arranged in a randomized 
complete block design with three replications. Two temperature sensors placed in the centre of each plot measured surface 
temperature on 10-minute intervals for three 8-week periods over the course of two years. Atmospheric data including air 
temperature (°C), relative humidity (%), precipitation (mm), and solar radiation (W m-2) were collected on the same interval. 
Synthetic turf surface temperature varied due to both air temperature and solar radiation. Predictive models using these data 
accounted for 86, 95, and 94% of the variation in daily maximum, minimum, and mean synthetic turf surface temperature. 
Accuracy of these models for predicting daily mean and minimum synthetic turf surface temperature using 48 and 72-hour 
forecasted air temperature data was excellent (+/- 1°C). Models using 48 and 72-hour forecasted were less accurate in 
predicting daily maximum synthetic turf surface temperature (+/- 4.75 to 5.33 °C).   Our findings indicate that 72 hour 
forecasted air temperature data can be used to predict daily minimum and mean surface temperature of synthetic turf. Such 
models could be used to schedule athletic events around periods of potentially hazardous surface temperatures.  
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1. Introduction 
 
The first synthetic turf playing surface was used in the Houston Astrodome in 1966 Whitehurst (1968).  This 
surface was comprised of 12.7 mm long nylon fibres, stitched to a denier of 500 into a polyester nylon backing 
Levy et al. (1990). A rubber pad underneath the backing consisted of a 15.9 mm thick layer of closed cell nitrile 
rubber with polyvinyl chloride. Since then synthetic turf playing surfaces have been modified to improve 
aesthetics, shock attenuation, and ball roll characteristics Levy et al. (1990); Lim and Walker (2009). Modern 
synthetic turf systems are comprised of longer fibres (5.7 cm) infilled with mixtures of crumb rubber and sand 
Thoms et al. (2012).  Improvements in synthetic turf technology have been accompanied by increased use on 
athletic fields. Over 1,000 synthetic playing surfaces are installed each year in the United States alone Miller 
(2009).  
 One major drawback to use of synthetic turf on athletic fields is elevated surface temperatures compared to 
natural turfgrass Lim and Walker (2009). Urban temperature modelling of areas where natural turfgrass cover has 
been removed and replaced with synthetic turf has demonstrated an increase in atmospheric temperature up to 4ͼC 
Yaghoobin et al. (2010). Lim and Walker (2009) reported surface temperatures above 65.6ͼC on infilled synthetic 
turf athletic fields during August. Williams and Pulley (2006) suggested that electromagnetic radiation affects 
infilled synthetic turf surface temperature more than ambient air temperature after measuring surface temperatures 
> 90ͼC at ambient air temperatures of 36.7ͼC. White lines and shaded areas on football field’s measure lower in 
surface temperature than areas colored with green pigment due to variability in light reflectance and solar radiation 
intensity (Williams and Pulley, 2006). Even non-infilled synthetic turf temperatures have been found to exceed 
those measured on natural turfgrass by 35 to 60ͼC Buskirk et al. (1971). 
 Elevated surface temperatures on synthetic turf can affect shoe-to-surface interactions involved in lower body 
injury incidence Torg et al. (1996); Kent et al. (2012). Meyers and Barnhill (2004) reported increased high school 
football injury incidence rates on infilled synthetic turf in Texas (compared to natural turfgrass) when temperatures 
ranged from 27 to 37ͼC. Later research by Meyers (2010) reported that collegiate football injury incidence rates 
were lower on infilled synthetic turf than natural turfgrass when temperatures exceeded 21ͼC; however, different 
natural and infilled synthetic turf surfaces were used in the work of Meyers (2010) and Meyers and Barnhill 
(2004). Buskirk et al. (1971) placed thermocouples on the soles of cleats to determine that heat transfer from 
surface-to-athlete was significant enough to cause heat-related health concerns independent of the air temperature 
one meter above the playing surface Buskirk et al. (1971). DeVitt et al. (2007) recorded hazardous surface 
temperatures (> 75ͼC) on infilled synthetic turf. Since 1990 there have been 38 high school and college football 
player fatalities attributed to heat illness Boden et al. (2013). Cutaneous thermal injury can happen at surface 
temperatures above 44°C, and second degree burns can happen following 35 seconds of exposure to surface 
temperatures above 77.5°C Harrington et al. (1995). Numerous researchers have reported synthetic turf surface 
temperatures greater than this 44°C threshold Williams and Pulley (2006); Thoms et al. (2012); McNitt et al. 
(2008).  
 Efforts have been made to cool synthetic turf playing surfaces using overhead irrigation. Williams and Pulley 
(2002) reported 30 minutes of irrigation reduced infilled synthetic turf surface temperature to that of natural 
turfgrass located near the trial site; however, this reduction lasted only five minutes after irrigation ceased. McNitt 
et al. (2008) observed that irrigation reduced infilled synthetic turf surface temperature by 30ͼC for up to 20 
minutes. However, McNitt et al. (2008) did note that surface temperatures on irrigated infilled synthetic turf were 
lower than non-irrigated synthetic turf for approximately three hours. The researchers suggested that the duration 
of synthetic turf surface cooling from irrigation is dependent on environmental conditions such as wind speed, 
ambient temperature, and solar radiation McNitt et al. (2008).  Besides limited efficacy, increased surface wetness 
from irrigation can reduce shoe traction on synthetic turf leading to injury Niebel et al. (1973); Heidt et al. (1996); 
McNitt, (2005).   
 Certain municipalities are restricting play on synthetic turf athletic fields during periods of potentially 
hazardous surface temperatures.  For example, infilled synthetic turf athletic fields at Brigham Young University 
(Provo, UT) cannot be used when surface temperatures exceed 49ͼC Lim and Walker (2009). A tool to accurately 
predict synthetic turf surface temperature would aid turf managers in scheduling field use around time periods 
where surface temperatures are potentially hazardous to athletes. Considering that atmospheric conditions (i.e., 
solar radiation, air temperature, etc.) have been shown to affect synthetic turf surface temperature Lim and Walker 
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(2009), our objective was to build a model to predict synthetic turf surface temperature using these atmospheric 
data. 
 
2. Materials and Methods 
 
 Research was conducted on ten synthetic turf surfaces at the University of Tennessee Centre for Athletic Field 
Safety (Knoxville, TN). Plots (4.6 by 9.1 m) were constructed on a 15.2 cm deep base of washed aggregate (25 to 
2.4 mm diameter) capped with 5.1 cm of fine aggregate (9.5 to 0.3 mm diameter) on 12 April 2011. Ten different 
synthetic turf playing surfaces (Table 1) were installed on 12 April 2011.  These synthetic surfaces were infilled 
with sand (2 mm to 0.05 mm diameter) and crumb rubber particles (2 mm to 0.15 mm diameter) on 21 April 2011.  
Sand-to-rubber infill ratios are presented in Table 1. 
 
Table 1. Synthetic turf surfaces and infill used at the Centre for Athletic Field Safety in Knoxville, TN during 2011 
and 2012. 
Fibre Type Fibre Shape 
Pile  
Height 
 (cm) 
Yarn 
Infill Ratio 
(kg crumb rubber m
-2
: kg sand m
-2
) 
Monofilament Diamond 5.1 Polyethylene and nylon (with thatch) 12.2: 4.9 
Monofilament Diamond 3.2 Nylon No infill 
Monofilament Horseshoe 5.1 Polyethylene and nylon (with thatch) 12.2: 4.9 
Monofilament Diamond 5.7 Polyethylene 13.7: 4.9 
Monofilament Horseshoe 5.1 Exp. Polyethylene and nylon (with thatch) 12.2: 4.9 
Slit film Slit 5.7 Polyethylene 19.5: 14.7  
Monofilament Horseshoe 5.7 Exp. Polyethylene 13.7: 4.9 
Monofilament Horseshoe 5.7 Polyethylene 13.7: 4.9 
Monofilament/ 
Slit film Slit/Horseshoe 5.1 
Exp. Polyethylene and 
nylon 12.2: 4.9 
Slit film Slit 5.1 Exp. Polyethylene and nylon (with thatch) 12.2: 4.9 
 
 Synthetic turf surface temperatures were measured during three time periods: 22 August to 20 October 2011; 
14 February to 12 April 2012; and 25 May to 27 July 2012. During each time period, surface temperature data 
were collected using two sensors (TidbiT v2 Temp Logger; Onset Computer Corp., Bourne, MA) placed in the 
centre of each plot. Data were collected on 10-minute intervals from midnight to midnight local time. Atmospheric 
data including air temperature (ͼC), relative humidity (%), precipitation (mm), and solar radiation (W m-2) were 
collected on the same interval using a weather station and solar pyranometer (HOBO U30; Onset Computer Corp., 
Bourne, MA) located 457 meters from the field site located over mowed grass away from buildings. Air 
temperature readings were shaded from direct solar radiation, and the pyrometer was installed to manufacturer 
specifications.    
 Forecast data were collected from the National Oceanic and Atmospheric Administration (NOAA) National 
Weather Service (NWS) using the National Centres for Environmental Prediction (NCEP) Global Forecast 
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Systems (GFS) Model Output Statistics (MOS) short range model, known as GFS-MOS. This model is valid for 6 
to 72 hours from time of release in the United States, Puerto Rico, and the US Virgin Islands.  MOS is a technique 
used to objectively interpret numerical model output and produce site-specific guidance Anonymous (2013).  The 
forecast data used in this project were valid for the Knoxville, TN NOAA-NWS weather station located at 35.82° 
N and 83.98° W.  Daily forecast data were collected for each of the time periods that surface temperature data were 
collected (22 August to 20 October 2011; 14 February to 12 April 2012; and 25 May to 27 July 2012). 
Maximum, minimum, and mean surface temperature data were collected and subjected to ANOVA in SAS 
(SAS Institute, Cary, NC) at Į  0.05. Multivariate linear regression was conducted in Minitab (Minitab Inc. State 
College, PA) at WKHĮ VLJQLILFDQFHOHYHOLQRUGHUWRGHWHUPLQHatmospheric parameters (i.e., air temperature, 
relative humidity, precipitation, and solar radiation) that could be used to predict daily maximum, minimum, and 
mean synthetic turf surface temperature. Models offering the highest R2 values were selected for further evaluation 
using GFS-MOS forecast data.  
GFS-MOS forecast data were incorporated into these multivariate linear regression models to predict 
maximum, minimum, and mean synthetic turf surface temperature.  Forecasted cloud cover data were converted 
into an aggregated daily radiation maximum using three and six hourly time-steps.  GFS-MOS provides forecasts 
for cloud cover as: clear, few clouds, scattered clouds, broken clouds, and overcast clouds.  NWS defines these 
classifications in units of ocata, with an octa defined as the fraction of the sky that is covered by clouds; thus, 1 
octa is equivalent to 1/8 of the sky covered by clouds. Using this system, cloud cover classifications were defined 
as follows: 1) Clear: 0 octas; 2) Few: > 0 to 2 octas; 3) Scattered: > 2 to 4 octas; 4) Broken: >4 to 8 octas; and 5) 
Overcast: 8 octas. The following percentage sky cover conventions were used for this research: Clear: 0 %, Few: 
10%, Scattered: 40%, Broken: 80%, Overcast: 100%. Cloud cover data were then correlated to solar radiation 
values from which a maximum forecasted radiation was estimated according to the methods of Davies and McKay 
(1989). Our model to predict maximum synthetic turf temperature was run using 24, 48, and 72 hour forecasted 
maximum air temperature and solar radiation data.  For minimum synthetic turf temperature, only minimum 
forecasted 48, and 72 hour air temperature data were used as predictor variables considering that solar radiation is 
not present when minimum temperatures are observed on synthetic turf.  Additionally, use of 24-hour forecast data 
was not possible for our minimum synthetic turf surface temperature model due to the fact that minimum 
temperature occurred prior to the forecast initialization point for the first day.  J. Zidek, personal observation. 
Similarly, our mean synthetic turf temperature model was evaluated using only 48 and 72 hour forecasted mean air 
temperature and solar radiation values. Model accuracy was quantified using R (version 2.15.1; Institute for 
Statistics and Computing, Vienna, Austria). 
 
3. Results and Discussion 
 
Synthetic turf surface temperatures observed in this study ranged from -9.8 to 86.4ͼ C at ambient air 
temperatures ranging from -0.4 to 37.1ͼ C. Despite differences in infill ratios of crumb rubber to sand (0 kg m-2 to 
up to 34.2 kg m-2 of crumb rubber and sand), synthetic turf surface temperatures varied less than 6ͼ C between the 
systems suggesting that synthetic turf infill does not affect surface temperature as much as fibres. These findings 
are similar to what McNitt (2005) reported.  Peak surface temperature in this study was higher than those measured 
by other researchers Lim and Walker (2009); Meyers and Barnhill (2004). This difference may be due to 
variability in the synthetic turf surfaces evaluated among researchers, differences in ambient air temperature during 
data collection, or a combination thereof. Peak surface temperature in our study was similar to the 93ͼC measured 
by Williams and Pulley (2006) at an ambient air temperature of 37ͼC.   
Absorption of solar radiation may explain increased temperatures on synthetic turf surfaces compared to 
ambient air. Nearly 98% of solar radiation falls within the middle ultraviolet (200 to 315 nm) to near infrared 
spectrum (720 nm to 0.00015 cm) Robinson (1966). Under conditions of maximal absorption, exposure to high 
intensity short wavelength radiation of this nature will increase temperature more than exposure to longer 
wavelengths at low intensity Robinson (1966). Considering that synthetic turf fibres are extruded polyethylene, 
dyed green to mimic natural turfgrass, high rates of solar radiation are likely absorbed on synthetic turf with 
minimal light reflectance Williams and Pulley (2006). This could explain why surface temperatures on synthetic 
turf exceed those measured in ambient air.  
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3.1. Models to predict maximum and minimum surface temperature 
 
Models using air temperature and solar radiation accounted for a significant percentage of the variability in 
synthetic turf surface temperature data in this study, with R2-values ranging from 0.87 to 0.95 (Table 2). Our 
findings support those of other researchers that solar radiation affects maximum synthetic turf surface temperature 
Williams and Pulley (2006); McNitt et al. (2008); Lim and Walker (2009).  
 Interestingly, models to predict daily minimum synthetic turf surface temperature were most accurate when 
only the minimum forecasted temperature data were used as a predictor (Table 2). Additionally, R2-values were 
higher for models predicting minimum rather than maximum synthetic turf surface temperature (Table 2).  
Minimum synthetic turf surface temperatures occurred during hours without solar radiation (i.e. darkness) and 
consequently less evaporation, humidity, and air movement Burman and Pochop (1994). This lack of 
environmental variation could explain the increased fit of our minimum surface temperature model compared to 
that used to predict maximum surface temperature. 
 
Table 2. Daily models for predicting maximum, mean, and minimum surface temperatures on synthetic turf 
surfaces at the Centre for Athletic Field Safety in Knoxville, TN during 2011 and 2012.  
Synthetic Turf Surface Temperature Model R2-value 
TurfMax1  -10.25 + (1.622*Max forecasted temperature °C ) + (0.023*Max 
forecasted solar radiation W/m2) 
0.87 
TurfMean2 Mean forecasted temperature °C) + (0.035 * Mean 
forecasted solar radiation W/m2) 
0.95 
TurfMin3 -0.73 + (0.98 *Minimum forecasted temperature °C)  0.94 
17XUI0D[ PD[LPXPV\QWKHWLFWXUIVXUIDFHWHPSHUDWXUHLQ°C. 
27XUI0HDQ DYHUDJHV\QWKHWLFWXUIVXUIDFHWHPSHUDWXUHLQ°C.  
37XUI0LQ PLQLPXPV\QWKHWLFWXUIVXUIDFHWHPSHUDWXUHLQ°C. 
 
3.2. Accuracy of Surface Temperature Models 
 
Using 24, 48, and 72 hour forecasted air temperature and solar radiation data, our model was able to predict 
daily maximum synthetic turf surface temperature within +/-4.41ͼC, +/-5.33ͼC, and +/-4.75ͼC, respectively. 
Comparatively, our models were able to predict mean and minimum synthetic turf surface temperature within +/-
1ͼC using 48 and 72 hour forecasted air temperature and solar radiation data. Reduced accuracy of the maximum 
temperature model was due to the fact that maximum synthetic turf surface temperature occurs during peak heating 
hours when wind is present. Conversely, minimum and mean temperatures on synthetic turf surfaces often occur 
during times of low wind and minimal solar radiation (i.e., darkness). Inclusion of wind speed data may improve 
the accuracy of the maximum temperature model created in this research; however, wind speed data were not 
captured in this study. 
Our findings indicate that while turf managers can use 72 hour forecasted air temperature and solar radiation 
data to predict daily maximum, minimum, and mean synthetic turf surface temperatures, models focused on 
minimum or mean synthetic turf surface temperature may be more accurate than those targeting maximum surface 
temperature. 
 
4. Future Research 
 
Our data are limited in that wind speed was not measured in our research. Wind speed can affect skin 
temperature by increasing evaporative cooling and thus lower heat stress experienced by exercising children AAP 
(2000). Wind speed data could improve accuracy of the maximum synthetic turf surface temperature model 
presented herein. Future research should include assessments of wind speed when developing models to predict 
maximum, minimum, and mean surface temperature on synthetic turf. Use of predictive models may also increase 
efficacy of irrigation for cooling synthetic turf playing surfaces.  Models could be used to identify time periods 
where the need for evaporative cooling is most critical. Future research should evaluate efficacy of irrigation rates 
and timings in conjunction with predictive synthetic turf surface temperature models. 
 
900   Adam W. Thoms et al. /  Procedia Engineering  72 ( 2014 )  895 – 900 
References 
  
American Academy of Pediatric, 2000. Climatic Heat Stress and the Exercising Child and Adolescent. Pediatrics 106, 158-159.  
Anonymous, 2013. Current MOS Forecast Products. National Weather Service Office of Science and Technology Meteorological  
 Development Laboratory. http://www.nws.noaa.gov/mdl/synop/products.php. Verified Sep. 2013.   
Boden, B.,  Breit, I., Beachler, J., Williams, A., Mueller, F., 2013. Fatalities in High School and College Football Players. American  
 Journal of Sports Medicine 41, 1108-1116.  
Bruman, R., Pochop, L.O., 1994. Evaporation, Evapotranspiration, and Climatic Data. Developemnts in Atmospheric Science. Elsevier.  
New York.   
Buskirk, E., McLaughlin, E., Loomis, J., 1971. Microclimate over artificial turf. J. Health, Physical Education, Recreation 42, 29-30.  
Davies, J., McKay, D., 1989. Evaluation of selected models for estimating solar radiation on horizontal surfaces. Solar Energy  
43, 153-168. 
Devitt, D., Baghzouz, M., Bird, B., Young, M., 2007. Surface temperature, heat loading and spectral reflectance of artificial turfgrass. Annual  
Meeting Abstracts ASA, CSSA, and SSSA, Madison, WI, p. 8. 
Harrington, W., Strohschein, B., Reedy, D., Harrington J., Schiller., W., 1995. Pavement temperature and burns: Streets of fire.  
Annuals of Emergeny Medicine 26, 563-568. 
Heidt, R., Dormer, S., Cawley, P., Scranton, P., Losse, G., Howard, M., 1996. Differences in friction and torsional resistance in  
athletic shoe-turf interfaces. American Journal of Sports Medicine 24, 834-842. 
Kent, R., Crandall, J., Forman, J., Lessley, D., Lau, A., Garson, C., 2012. Development and assessment of a device and method for studying  
the mechanical interactions between shoes and playing surfaces in situ at loads and rates generated by elite athletes. Sports Biomechanics. 
iFirst Article. Jan. 2012, pp. 1-16.  
Levy, M., Skovron, M., Agel, J., 1990. Living with artificial grass: A knowledge update. Part 1: Basic Science. American Journal of Sports  
Medicine 18, 406-412. 
Lim, L., Walker, R., 2009. An assessment of chemical leaching, released to the air and temperature at crumb-rubber infilled synthetic turf  
fields. New York State Dept. of Health. pp. 1-140.  
McNitt, A., 2005. Synthetic Turf in the USA-Trends and Issues. International Turfgrass Society Research Journal 10, 27-33. 
McNitt, A., Petrunak, D., Serensits, T., 2008. Temperature amelioration of synthetic turf surfaces through irrigation. In: Stier, J.C. (Ed.),  
Proceedings 2nd  International Conference on Turfgrass, pp. 573-581.  
Meyers, M., 2010. Incidence, Mechanisms, and Severity of Game-Related College Football Injuries on FieldTurf Versus Natural Grass: A 3- 
Year Prospective Study. American Journal of Sports Medicine 38, 687-697.  
Meyers, M., Barnhill, B., 2004. Incidence, causes, and severity of high school football injuries on FieldTurf versus natural grass: a 5- 
year prospective study. American Journal Sports Medicine 32, 1626-1638.  
Miller, S., 2009. Synthetic Turf Council Announces 20% Growth in 2008. News Release. Synthetic Turf Council. Jan. 2009. 
Niebel, B., Morehouse, C., Bonstingl, R., Zwigart, D., 1973. The influence of outsole design, outsole compound, and playing  
surface material on foot traction. Cited by Morehouse, C., 1992. Artificial turf. In: Waddington, D. (Ed.), Turfgrass Agronomy Monograph  
32. ASA, CSSA, and SSSA, Madison, WI, pp. 89-127. 
Robinson, N., 1966. Solar Radiation. Elsevier, New York. 
Thoms, A., Brosnan, J., Sorochan, J., Zidek, J., 2012. Developing a model to predict synthetic turfgrass surface temperature using  
atmospheric conditions. 3rd International European Turfgrass Society Meeting. Kristiansand, NO.  June 2012. 
Torg, J., Stilwell, G., Rogers, K., 1996. The effect of ambient temperature on the shoe-surface interface release coefficient. American Journal  
of Sports Medicine 24, 79-82.  
Whitehurst, J., 1968. The Astrodome turf and lower extremity injuries. Journal American College Health Association 17, 136-137. 
Williams, C., Pulley, G., 2002. Synthetic surface heat studies. Available at http://aces.nmsu.edu/programs/turf/documents/brigham- 
young-study.pdf , verified Aug. 2013. 
Williams, C., Pulley, G., 2006. Synthetic surface heat studies. Brigham Young University. Available:  
http://cahe.nmsu.edu/programs/turf/documents/brigham-youngstudy.pdf , verified Aug 2013.  
Yaghoobian, N., Kleissl, J., Krayenhoff, E., 2010. Modelling the thermal effects of artificial turf on the urban environment. Journal Applied  
Meteorology Climatology 49, 332–345. 
 
 
 
